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We explored the interaction of human recombinant mannose-binding protein and lipoteichoic acids (LTAs)
by enzyme-linked immunosorbent assay. The best ligand was Micrococcus luteus lipomannan, followed by
Enterococcus spp. LTA containing mono-, di-, and oligoglucosyl substituents. LTAs lacking terminal sugars
(those of Streptococcus pyogenes and Staphylococcus aureus) or containing galactosyl substituents (those of
Listeria spp. and Lactococcus spp.) were poor ligands. These results are consistent with known structural
requirements for binding through the mannose-binding protein carbohydrate recognition domain.

Human mannose-binding protein (MBP) belongs to a family
of defense collagens comprising proteins with short collagen
domains which participate in innate pathogen recognition (7,
17, 26). We have recently shown that another member of the
defense collagen family, the macrophage scavenger receptor
(MSR), binds to gram-positive bacteria and recognizes lipotei-
choic acid (LTA) through the collagen region of the receptor
(6). The basis for recognition resides in the charge interactions
between basic residues in the collagen domain (1, 4, 18) and
phosphate groups of LTA (15). Comparison of the collagen
domains of MBP and MSR revealed similarity or identity
among selected Gly-X-Y repeats (22), especially at the C-
terminal portions of the collagen domain, including a cluster of
positively charged lysine residues implicated in ligand binding
by the MSR (4). This raised the possibility that MBP might
bind to LTAs through the collagen domain.
MBP, unlike MSR, is a collectin and contains a carboxy-

terminal carbohydrate recognition domain (CRD) adjacent to
the collagen domain (7, 26). The CRD of MBP recognizes
carbohydrate configurations on a wide variety of pathogens
through mannan-inhibitable calcium-dependent binding (8, 16,
19, 21, 24, 27). The CRD interaction with sugar is mediated via
direct coordination between a calcium ion and the 3- and
4-hydroxyls of the terminal mannose. Other hexoses that have
hydroxyl groups in a similar orientation to those in mannose,
such as glucose and GlcNAc are also ligands for MBP, whereas
galactose and sialic acid have a different orientation of the 3-
and 4-OH groups and lack affinity for MBP (5, 28, 29). A
28-kDa murine protein with similarity to MBP specifically
binds to bacterial lipomannan (LM) and to LTAs containing
glucosyl and N-acetylglucosaminyl substituents (3, 12). These
observations suggest that MBP may bind to LTAs through
either the CRD or the collagen domain. We have tested both
hypotheses and found that MBP interacts with LTAs in accor-
dance with structural predictions for CRD but not those for
the collagen domain binding.

Streptococcus pyogenes II D698 was from the Laboratory of
Culture Collection, Institute of Medical Science, Tokyo, Japan;
Listeria monocytogenes NCTC 7973 and Listeria welshimeri
SLCC 5334 were from H. Hof, Institut für Medizinische Mik-
robiogie und Hygiene, Mannheim, Germany; Enterococcus fae-
calis Kiel 27738 was from G. Hahn, Institut für Hygiene der
Bundesanstalt für Milchforschung, Kiel, Germany; Enterococ-
cus hirae ATCC 9790 was from G. Shockman, Temple Univer-
sity, Health Science Center, Philadelphia, Pa.; Staphylococcus
aureus H gol2 FR was from L. J. Douglas, Glasgow, United
Kingdom; S. aureus DSM 20233, Enterococcus faecium DSM
2918, and Bifidobacterium bifidum DSM 20239 were from the
Deutsche Sammlung von Mikroorganismen, Braunschweig,
Germany; Clostridium innocuum ATCC 14501 and Micrococ-
cus luteus ATCC 4698 were from the American Type Culture
Collection, Rockville, Md.; Lactococcus garvieae NCDO 2155
was from the National Collection of Dairy Organisms, Read-
ing, United Kingdom; and Streptococcus pneumoniae R6 was
from R. Hakenbeck, Max-Planck-Inst. Molekulare Genetik,
Berlin, Germany.
For preparation of LTAs, bacteria were grown to the late

logarithmic phase as described previously (14). LTAs were
extracted from mechanically disrupted bacteria with hot phe-
nol-water and purified by hydrophobic-interaction chromatog-
raphy (9, 14). The purified LTAs and lipoglycans were free of
detectable amounts of nucleic acids, polysaccharides, proteins,
and cell wall material.
For the binding studies we used 10 poly(glycerophosphate)

LTAs (Table 1, 1 to 10) which were analyzed as described
previously (10). They differed in substitutions with glycosyl
residues and D-alanine ester and varied in the chain length
between 19 and 29 glycerophosphate residues per lipid anchor
(10–12). Alanine esters were removed by mild alkaline treat-
ment (13) from LTAs 2 and 3 to yield LTAs 7 and 4, respec-
tively (Table 1). LTAs 6 and 8 to 10, lipoglycan 14 and teichoic
acid 15 were used in alanine-free forms only. We further in-
cluded the poly(glycocosyl glycerophosphate) LTAs from L.
garvieae (11) and C. innocuum (12), in which di- and mono-
hexosyl residues are intercalated between the glycerophos-
phate moieties, the oligo(tetraglycosyl ribostol phosphate)
LTA from S. pneumoniae (13), a nonglycosylated teichoic acid
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(15) and two lipoglycans (14 and 16), the dealanylated glyc-
erophospholipogalactofuranan from B. bifidum and the LM
from M. luteus (23). The chain lengths (n) of compound 11 to
13 represent the numbers of repeats per lipid anchor, and the
values for compounds 14 and 16 represent the numbers of
hexosyl residues.
The tested species of LTAs and lipoglycans each contained

two fatty acids on their glycolipid anchors. As indicated in
Table 1, two patterns of fatty acids were observed, one con-
taining branched (br) and straight-chain saturated (ss) fatty
acids and the other containing ss and straight-chain monoun-
saturated (su) fatty acids. The mean length of fatty acids varied
between 15 and 17 carbon atoms.
Recombinant MBP (rMBP) was produced as described else-

where (25, 26). A murine monoclonal antibody with specificity
for bound and free MBP (mAb3) (25) was conjugated to horse-
radish peroxidase and designated aMBP3-HRP. All other re-
agents were from Sigma (St. Louis, Mo.) unless indicated oth-
erwise.
Dynatech Immulon 2 microtitration plates were coated over-

night at 48C with LTAs or mannan (1 to 100 mg/ml) or with live
S. pyogenes, E. faecalis, and L. monocytogenes resuspended to
an optical density at 600 nm (OD600) of 0.2 in carbonate buffer
(pH 9.55). rMBP binding to ligands was assessed by enzyme-
linked immunosorbent assay (ELISA) in the absence or pres-
ence of the competitors mannan or poly(59 guanilic acid)
[poly(G)], as described elsewhere (25). The plates were
blocked with 5% bovine serum albumin at 378C for 1 h prior to
and after incubation with rMBP. As the negative controls,
either LTAs or rMBP were omitted. The specificity of rMBP
binding to LTAs was assured by measuring binding in the
presence of either 50 mM Ca21 or 20 mM EDTA. Binding in
EDTA was subtracted from binding in Ca21 to give specific
Ca21-dependent binding. In some experiments with inhibitors,
a fixed concentration of rMBP was used and results were ex-
pressed as percent inhibition, calculated as 100 3 (OD450
without inhibitor 2 OD450 with inhibitor)/OD450 without in-

hibitor. rMBP binding to live bacteria was measured in OD
units per organism. The percentage of bacteria adhering to
microtitration plates was determined with bacteria metaboli-
cally labeled with [35S]methionine (Amersham, Arlington
Heights, Ill.) at 10 mCi/ml for 30 min at 378C.
By ELISA, we compared rMBP binding to 13 LTAs and two

bacterial lipoglycans with binding to yeast mannan (Fig. 1a,
Table 1). Having established that binding through the CRD
reached saturation at an LTA or mannan concentration of 10
mg/ml (not shown), we used the rMBP ligands at this concen-
tration in all subsequent experiments. In the presence of cal-
cium, binding of rMBP was dose dependent and plateaued at
an rMBP concentration of 400 to 800 ng/ml for the majority of
tested ligands (Fig. 1a). M. luteus LM, rich in terminal man-
nosyl residues, showed the greatest amount of rMBP binding
(Fig. 1a, Table 1). Enterococcus spp. LTAs (6, 7, and 8 in Table
1) containing glucosyl substituents along the chain showed 2-
to 10-fold greater levels of rMBP binding than did S. aureus
and S. pyogenes LTAs lacking glycosyl substituents. Similarly,
binding of rMBP to Enterococcus spp. LTAs was two to three-
fold greater than that to Listeria spp., Lactococcus garvieae, or
Bifidobacterium bifidum LTAs containing galactosyl substitu-
ents, or S. aureus teichoic acid, made up of poly(ribitol phos-
phate). Cleavage of the terminal alanine, which increases the
overall negative charge of the LTA and substantially augments
binding to the MSR (15), resulted in a twofold increase of E.
faecalis LTA binding to rMBP, but it did not affect S. pyogenes
and S. aureus LTA binding (Table 1). Thus, the binding of
rMBP to LTA generally followed structural predictions for
CRD binding. For binding to the collagen domain, the highest
level of binding would be expected for the nonglycosylated,
purely negatively charged compounds (4, 5, and 14). There is
no relationship to the length of the hydrophilic chain. Also the
fatty acid composition and the mean chain length of fatty acids
seem to play no role in binding to MBP.
We next compared the involvement of CRD and collagen

domain in LTA binding. M. luteus LM and E. faecium LTA

TABLE 1. Comparison by ELISA of rMBP binding to LTAs

LTA or
lipoglycan
no.

Source

Hydrophobic chain structure % of
rMBP-mannan
bindingaDescriptionb nc Fatty acid

pattern nFA
d

1 S. aureus PGP, S 5 Ala 0.59, GlcNAc , 0.01e 29 br, ss 16.5 8.16 3.0
2 E. faecalis PGP, S 5 Ala 0.32, Glc2 0.42

e 19 ss, su 16.8 14.56 2.7
3 S. pyogenes PGP, S 5 Ala 0.33 28 ss, su 16.7 9.76 6.4
4 S. pyogenes PGP, Ala free 28 ss, su 16.7 2.36 1.7
5 S. aureus PGP, S 5 GlcNAc , 0.01e 29 br, ss 16.5 6.36 3.5
6 E. faecium PGP, S 5 Glc 0.23e, Glc2 0.3

e 18 ss, su 16.8 34.26 1.8
7 E. faecalis PGP, S 5 Glc2 0.42

e, Ala free 19 ss, su 16.8 34.16 8.0
8 E. hirae PGP, S 5 Glc 0.32e, Glc2 0.17

e, Glc3 0.02
e, Glc4 0.34

e 21 ss, su 17.1 24.26 1.3
9 L. monocytogenes PGP, S 5 Gal 0.21 26 br, ss 15.8 4.06 1.3
10 L. welshimeri PGP, S 5 Gal 0.37 25 br, ss 15.9 9.66 9.2
11 L. garvieae Poly(Gal2GroP) LTA, S 5 Gal 1.0 11 ss, su 17.1 13.36 0.3
12 C. innocuum Poly(GalGroP) LTA, S 5 GlcN 0.5, GlcNAc 0.25e 30 ss, su 17.0 15.66 2.7
13 S. pneumoniae [Glce(133)-4-amino-6-deoxy-GalNAc(134)-6ChoPGal-

Nac(133)-6-ChoPGalNAc(131)-ribitol-5-P]n-glycolipid
6.5 ss, su 16.5 19.06 1.8

14 B. bifidum Lipoglucogalactofuranan 15–25 br, su 17.0 9.3 6 1.8
15 S. aureus H Teichoic acid, poly(ribitol phosphate) None None 17.06 9.6
16 M. luteus LMe 56 br, ss 15.2 77.66 2.7

a (OD for rMBP bound to LTA/OD for rMBP bound to mannan) 3 100. Values are means 6 standard errors of the mean.
b PGP, Poly(glycerophosphate) LTAs; S, fraction of glycerophosphate residues substituted at position 29 with the indicated residue. LTA structures are described

according to Fischer et al. (10, 11, 14).
c n, Length of the hydrophilic chain (for explanation, see text).
d nFA, Mean length (number of carbon atoms).
e Putative MBP ligand.
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were incubated with a fixed concentration of rMBP (156 ng/ml)
in the presence of mannan to compete for CRD binding or in
the presence of poly(G) to compete for collagen domain bind-
ing (20). With mannan, a dose-response inhibition was ob-
served; 50% inhibition was found with ;40 mg of mannan per
ml for both ligands tested (Fig. 1b). The nearly complete in-
hibition at a mannan concentration of 100 mg/ml, even for poor
ligands such as Listeria LTAs (not shown), argues strongly for
the specificity of the interaction. There was no inhibition of
binding with poly(G) at a concentration of 400 mg/ml (Fig. 1b).
Also in contrast to the data on MSR binding to LTA (6, 15), we
observed no correlation between LTA charge and rMBP bind-
ing. These results suggest that the collagen domain is not
implicated in rMBP-LTA interaction. In addition, they dem-
onstrate that the collagen domains of MBP and MSR have
different recognition functions.
The ELISA results obtained with LTAs 2, 12, and 13 ap-

peared primarily not to correlate well with theoretical predic-
tions for CRD binding. The low rMBP binding to LTAs 2 and
12 may be explained by the presence of positively charged

D-alanine ester and positively charged glucosaminyl residues,
respectively (Table 1). These residues alternate with the Glc
and GlcNAc residues along the chain and therefore might
interfere with the calcium-mediated binding of the ligands.
Likewise, a low level of binding may be expected for the LTA
of S. pneumoniae, because it contains only one terminal glu-
cosyl residue and this is linked to the positively charged 2-ac-
etamido-4-amino-2,4,6-trideoxygalactosyl residue (2).
In theory, experiments with LTAs as fluid-phase inhibitors

of rMBP binding to mannan or whole bacteria would perfectly
supplement our study. However, reevaluation of the data ob-
tained with the 28-kDa mouse serum protein (3) suggested that
these experiments may yield erratic results (12). We have made
the similar observation for results with rMBP (22). The incon-
sistency of results from LTA fluid-phase inhibition assays is
likely explained by differing aggregate forms of LTAs in solu-
tions (12). The use of deacylated LTA circumvented this prob-
lem (Fig. 2). Consistent with results for rMPB binding to solid-
phase LTAs (Table 1) as well as with theoretical predictions
for CRD binding, deacylated M. luteus LM was the best inhib-
itor of rMBP binding to mannan-coated plates. Deacylated
E. faecalis LTA also inhibited binding significantly, whereas
deacylated S. aureus LTA minimally inhibited the rMBP-man-
nan interaction.
Overall, our data indicate that MBP binds to LTAs through

the CRD and indirectly suggest that MBP may play a role in
bloodstream clearance of selected LTAs.
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